A total of 468 bed material samples were collected at cross sections of the sand bed of the South Saskatchewan River at Saskatoon to assess the random and systematic errors in the results from four commonly used samplers. Statistically significant differences in particle size distribution occur between the results obtained from different samplers at the same location, in part due to variability in retention of the small particles. The differences are greatest in silty sand and least in well-sorted, medium sand. The precision of results from repetitive samples at the same location using the same sampler depends on both the sampler and the composition of the bed material. Except in well-sorted, medium sand, a single sample at a vertical is inadequate to determine the particle size of a given size fraction to within 10% with a probability of error of 0.1. In some cases 10 or more samples may be required. The magnitude of these statistical errors at a given location is generally less than the within-reach variability in bed material particle size, and therefore the appropriate choice of sample location is critical.
INTRODUCTION
Bed material sampling of sand bed rivers is routinely carried out by researchers and government agencies for a wide variety of purposes. In North America the sampling equipment and procedures developed by the United States Federal Inter-Agency Sedimentation Project [Witzigman, 1965; Federal Inter-Agency Sedimentation Project, 1986 ] are fairly standard. Information on sampler operation, maximum sample mass, and the suitability to certain flow and bed material conditions is readily available for the commonly used samplers, but to our knowledge there has been no attempt to measure the precision (variability in measurements from a single sampler at a given location due to random error) and reproducibility of results (differences in measurements between samplers at a given location due to systematic error) from these samplers in the field. Nor has the magnitude of these random and systematic errors in sampling been compared to the variability in bed material particle size typically found within a river reach. This contrasts with the situation for gravel bed streams where the minimum sample size and the comparability of various methods of sampling and analysis have been carefully assessed [Church et al., 1987] .
In Canada the Water Survey of Canada (Environment Canada) has routinely collected bed material data since the mid-1950s. In order to begin to standardize the samplers and methods used, field tests were designed to compare the performance of four commonly used samplers. Specifically, Copyright 1989 by the American Geophysical Union.
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0043-1397/89/89WR-01341 $05.00 the purposes of the study were (1) to establish whether there are systematic differences between samplers in the particle size distribution sampled at a given location, (2) to determine the precision of repeated measurements using the same sampler at a given location, and hence to establish the number of samples to be collected at a given location in order to measure various percentiles of the particle size distribution to a predetermined level of precision, (3) to ensure that the mass of individual samples typically collected by each sampler is sufficiently large to overcome bias (and thus systematic error) due to underrepresentation of particular size fractions (this is a problem in gravel bed streams where very large sample masses are required to accumulate sufficient particles in the coarse tail of the distribution [De Vries, 1970; International Standards Organization (ISO), 1977; Church et al., 1987]), and (4) to compare the magnitude of the sampling errors at a given location within a river reach with the variability in bed material particle size over the whole reach. This paper summarizes the results of these tests which are more fully reported by Ashmore et al. [1988] . It is not an attempt to quantify all the potential sampling errors, but it is the first attempt to examine these aspects of bed material sampling in sand bed rivers. We expect that it may assist in the design of data collection programs for a wide variety of purposes including sediment transport and scour, routing of sediment-attached pollutants, and monitoring of fish habitat. (0.062-2 mm). In most cases a certain proportion of the bed material will fall outside this range. This is certainly the case for streams on the Canadian prairies, for example, Shaw and Kellerhals [1982] show bed material size distribution curves from sand bed rivers in Alberta with up to 10% gravel and 30% silt and clay. Unlike gravel bed streams, sand bed streams can be assumed to have a homogeneous particle size distribution within the sampled layer (the upper few centimeters of the bed), and therefore a bulk sample is all that is required to characterize the particle size distribution.
There is a wide variety of bed material samplers available for use in sand bed streams [Witzigman, 1965; Vanoni, 1975 [Cashman, 1988] . Photographs of each of these samplers appear in Figure 1 . In vertical 2, where the bed consists of well-sorted medium sand, the absolute differences in particle size between the samplers are very small. However, there are some statistically significant differences, especially between the Canadian Drag Bucket and the other two samplers. The main difference is the slightly finer-grained coarse tail of the particle size curves from the Canadian Drag Bucket sampler. There is no significant difference between the particle size distributions from the Scoop and BMH-53 samplers, except for D5 which is larger for the BMH-53 samples.
Comparison of the curves from vertical 3 is hampered by the large percentage of sediment in the samples smaller than 0.0625 mm. However, some comparisons are possible, and the most striking result from this vertical is the marked difference between the BM-54 samples and those from the other two samplers in the retention of the very small particles. Thus most of the BM-54 samples have between 20 and 50% silt and clay while the other samplers have a maximum of only 20-30%. From the particle size curves it is apparent that the Canadian Drag Bucket retained a slightly higher proportion of the fine sediment than the Scoop, although the results from these two samplers differ significantly '-"'" ,,,.y at•hecoarse __4 of"--size range.
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In general, there is evidence of bias in the results obtained from different samplers. This is especially true for the smaller particle sizes where differences between samplers in the collection and/or retention of the finer sediment leads to quite large differences in the particle size distribution at the same location.
Precision of Results from Each Sampler
The standard deviation and coefficient of variation of the mean are listed in Table 1 for each percentile of the 50 particle size distributions from each sampler at each vertical. Not surprisingly, the variability typically is least for Ds0 and greatest for the tails of the distribution. This is an important result because many resistance and sediment transport equations require the use of percentiles of the particle size distribution other than Ds0.
Among the various samplers the results differ between verticals, particularly because of the failure of the Canadian Drag Bucket and Scoop samplers to retain the fine sediment at vertical 3. Ignoring vertical 3, the coefficient of variation at a given vertical is lowest for the BMH-53 and the BM-54 samplers. However, the particle size dis•tribution6f the bed material also has an influence; variability is much greater for all the samplers in the smaller sands of vertical 1 than in the better sorted, medium sand of vertical 2.
The precision of repeated samples has direct conse- quences for the number of samples that need to be taken to obtain a given level of precision in the estimation of the bed material particle size distribution. Assuming a normal distribution of the 50 measurements of particle size of a given percentile of the distribution, the number of samples needed to estimate the mean particle size of that percentile to within 10% with a probability of 90% can be calculated and is given in Table 3 for These data are not adequate to establish comprehensive, universal guidelines for the number of samples, but it is apparent that in many cases a single sample is inadequate, and 10 or more may be required at some verticals depending upon the sampler used, the characteristics of the bed material at that location, and the percentile of the particle size distribution to be measured.
Comparison of the Average Sampled Mass
In order to ensure that the mass of the samples collected were sufficient to preclude bias due to inadequate sample mass the average, maximum, and minimum mass of the 50 samples collected by each sampler at the three verticals in One-tailed test, t = 1.67, for n = 50 and a = 0.05. Two-tailed test, t = 2.00, for n = 50 and a = 0.05.
sampler yielded approximately 0.5-0.6 kg, but in shallow water (vertical 2), where it was easier to get leverage on the sampler, the average mass was over 1.1 kg, with a maximum of 1.6 kg. While the absolute variability in sample mass was lowest for the BM-54, the relative variability (coefficient of variation) was similar for all the samplers. Note that in all cases these average and maximum sample masses are smaller than the maximum sample masses calculated by De Vries [1970] 1. Significant differences exist between the average particle size distributions of 50 replicate samples obtained by the BM-54, BMH-53, Canadian Drag Bucket, and Scoop samplers at a given location. However, the magnitude and direction of these differences varies among the samplers and also differs at each location. The differences are least (less than 5%) in well-sorted, medium sand and greatest in fine, silty sand (up to 31% in the tails of the distribution and 28% for Ds0). A major reason for these differences is the failure of the open samplers (Scoop and Canadian Drag Bucket) to collect and/or retain small particles during sampling and sampler recovery. Differences also result from the necessity to decant water from these samplers in the field.
Within-Reach Variability in
2. The random error in replicate samples from one sampler at a given vertical is large enough in many cases that multiple samples (often at least 10 and occasionally more) are needed to estimate the mean within 10% with a probability of error of 0.1. Seldom is such replicate sampling undertaken. Precision is lowest (and thus the required sample size is largest) for the tails of the distribution. Only in the well-sorted, medium sand of vertical 2 would one sample be sufficient to satisfy these statistical limits of precision. The samplers differ in their precision, and although these differences depend upon the particle size disthbution that is being sampled, overall the Scoop and Canadian Drag Bucket are the least precise.
3. The average sample mass collected by the four samplers is lowest for the BM-54 (0.2 kg) and greatest for the Scoop (0.6 -1.1 kg). In all cases these masses are sufficiently great to satisfy the ISO [ 1977] "high accuracy" criterion for bias due to inadequate sample mass.
4. Spatial variability in the particle size distribution within the sampled reach exceeds the random and systemy sampling strategy employed must take this vahability into account; the sample location is at least as important as the choice of sampler and the number of samples collected in obtaining a representative particle size distribution of the bed material. 
